Directional energy, electron, and hole transport along sophisticated redox/energy gradients to and from active site is essential in photosynthesis. [1] Applied to molecular optoelectronics, such as bulk n/p-heterojunction (BHJ) organic solar cells, [2, 3] these lessons from nature [4] call for systems in which n-and p-semiconducting pathways are aligned coaxially at the molecular level. These supramolecular n/p-heterojunctions (SHJs) will have to contain judiciously placed chromophores of different color and with different redox properties to absorb as much light as possible and rapidly move the generated electrons and holes in opposite directions. Supramolecular chemistry approaches appear to be perfect for creating such SHJs with oriented multicolored antiparallel redox gradients (OMARGs). However, reliable bottom-up routes toward OMARG-SHJs do not exist to date, despite efforts by many groups. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] We have considered the zipper assembly of naphthalenediimide (NDI) p stacks along poligophenyl (POP) scaffolds to construct the surface architectures needed to tackle this challenge. [20] [21] [22] Herein, we introduce oligophenylethynyl (OPE) scaffolds to explore the importance of topological matching for zipper architectures and to determine the compatibility of zipper assembly with the creation of OMARG-SHJs.
In zipper assembly, [20, 21] NDI chromophores attached to rigid-rod scaffolds are assembled step-by-step to build mutually interdigitating p stacks along interdigitating rigidrod scaffolds, which should serve as hole (h + ) and electron (e À ) transporting pathways, respectively. NDIs were selected as p stacks in zipper assembly because they unify favorable properties, such as 1) availability in all colors, 2) decreasing HOMO/LUMO levels with increasing bandgap (Figure 1 ), 3) n-semiconductivity, 4) p acidity, 5) planarity, 6) global structural preservation, 7) compactness ("atom efficiency"), and 8) synthetic accessibility. [19] [20] [21] [22] [23] [24] [25] [26] POPs are however not perfect for zipper assembly because their repeat distance (about 10 ) exceeds the repeat of face-to-face p stacks (2 circa 3.5 ; Figure 2 ). [23] In contrast to POPs, OPEs have perfect repeats (circa 7 ) for p-stacking architectures. Moreover, OPEs are planarizable, [27, 28] better and red-shifted fluorophores, [17] better hole conductors, [28, 29] and better electron donors ( Figure 1 ; Supporting Information, Figure S3 , Table S1 ).
OPE-NDI dyads 1-3 and POP-NDI dyads 4-6 were prepared by multistep syntheses (Figure 2 ; Supporting Information, Schemes S1-8). [30] Zipper assembly of OPE-NDI architectures Au-1(-2-3) n was initiated by deposition of the short initiator 1 on gold electrodes. The obtained Au-1 was then dipped into an aqueous solution of the OPE propagator 2. The lower half of the red and cationic NDIs of 2 were expected to p-stack with the colorless and anionic NDI acceptors of 1, whereas the upper half remains free as a "sticky end" to zip up with anionic OPE propagator 3, which in turn can zip up with cationic 2, and so on. Zipper assembly of OPE-NDI systems Au-1(-2-3) n depends on factors such as concentration, solvents, ionic strength, incubation time, temperature, and sample freshness. Vigorous optimization revealed incubation with 5-10 mm solutions of 2 or 3 in 50 % aqueous trifluoroethanol (TFE) with 1m NaCl and 0.5 mm pH 7 phosphate buffer for 1-2 days at ambient temperature as the best conditions ( Supporting Information, Figures S4,8) . POP-NDI systems Au-4(-5-6) n were zipped-up under similar conditions.
OPE-NDI architectures Au-1(-2-3) n were characterized by photocurrent generation with 50 mm triethanolamine (TEOA, pH 10) in 100 mm aqueous Na 2 SO 4 as electron donor and a platinum electrode as cathode ( Supporting  Information, Figures S5,6 ). Upon deposition of layers, photocurrent densities increased almost linearly until reaching saturation at about 20 layers, that is, Au-1(-2-3) 10 (Figure 3 a, *). POP-NDI architectures approached saturation at about 10 layers, that is, Au-4(-5-6) 5 , and generated 40 % less photocurrent (Figure 3 b, *).
OPE-NDI zippers Au-1-2 were incubated with 1 to cap the sticky ends and terminate zipper growth. Repeated incubation of Au-1-2-1 with 2 and 3 did not increase the photocurrent (Figure 3 a, *) . Capping of Au-4-5 did not terminate the POP-NDI "zippers" Au-4-5-4 (Figure 3 b, *) . This insensitivity of POP-NDI zippers to capping occurred with halogenated NDIs only; blue POP-NDI zippers with alkylamino substituents responded correctly to capping. [20] To compare zipper assembly with the conventional layerby-layer (LBL) assembly, gold electrodes were covered with lipoic acid 7 in place of initiators 1 or 4. This comparison is demanding because extensive experience with the more "fuzzily" [16] organized LBL assembly [14, 15] leaves no doubt that the anionic Au-7 will ion-pair with the cationic OPE-NDI 2, cationic Au-7-2 will ion-pair with the anionic OPE-NDI 3, and so on (Figure 3 ). Photocurrent density saturated at about 8 layers with OPE-NDI architectures generated LBL, whereas zipper saturation occurs at 20 layers (Figure 3 a, * versus &) . The maximal short-circuit current of Au-7(-2-3) n was half of that generated by Au-1(-2-3) 10 . LBL assembly should be irresponsive to capping because any eventual OPE interdigitation is functionally irrelevant. This is exactly what was found for the LBL assembly of OPE-NDI dyads, that is, Au-7-2-1-(2-3) n (Figure 3 a, &) . Mismatched POP-NDI architectures were not only irresponsive to different modes of assembly but also to all capping experiments (Figure 3 b) .
The mass deposited per layer was determined electromechanically with a quartz crystal microbalance (QCM) (Figure 3 c) . Equal quantities were found to deposit for zipper and LBL assembly without saturation. This suggested that photocurrent saturation occurs because charges start to recombine before reaching the electrodes, and not because the growth of the assembly stops. The observed "critical thickness" thus relates to charge mobility; that is, supramolecular organization. Better critical thickness of OPE zippers (about 20 layers) compared to LBL assemblies (circa 10 layers) and POP zippers (circa 8 layers) is thus consistent with the long-range organization of topologically matching OPE-NDI zipper architectures (Figure 3) .
Excellent organization of OPE-NDI zipper architectures was confirmed with smooth surfaces in atomic force microscopy (AFM) images (Figure 3 d) , smoother than those of LBL and POP controls (Supporting Information, Figures S9-11 ) as well as LBL and BHJ photosystems in the literature. [3, 8, 14] Different to LBL [14] and related approaches, [8] surface roughness did not significantly increase with multilayer thickness. AFM images further revealed steps of 1.5 nm height as expected for zipper assembly, and occasional clumps of unknown origin but seen already for Au-1. Access to low surface roughness has been proposed to be important in molecular optoelectronics, including high photovoltaic efficiency. [3] Indeed, current-voltage curves of OPE-NDI zippers Au-1-(2-3) 7 revealed a fill factor (FF) of 61 % (Supporting Information, Figure S7 ). As in the thick films prepared "topdown" in optimized BHJ organic solar cells, [3] this FF was consistent with high charge mobility in OPE-NDI architectures. When considering plasmon resonance quenching on gold by factors up to 280, the reported short circuit currents are quite high. [18] The action spectrum of OPE-NDI zipper Au-1-(2-3) 7 revealed that this photoactivity is due not only to organization but also to the contribution of both NDIs and OPEs to the light harvesting (Figure 4 b, *) . Moreover, the observed bathochromic absorption of OPE in the action spectum implies co-planar orientation of phenyl groups. OPE planarization was expected for the zipper architecture, and should give rise to higher charge mobility of the p-semiconductor. [27, 28] Femtosecond fluorescence and transient absorption spectroscopy provided further support for the high photoactivity of OPEs ( Figure 4 a; Supporting Information, Figures S17-22 ). The appearance of OPE bleaching at 415 nm together with the broad NDI radical anion band around 600 nm indicated that, independent of the initially excited chromophore, very fast electron transfer takes place from OPE to NDI, and that the formed charge separated state (OPEC + -NDIC À pair) of 2 is relatively long-lived (flash photolysis lifetime t 4 = 270 ns; Supporting Information, Table S4 ). This finding was important as it demonstrates the presence of the OPEC + -NDIC À pair; that is, supramolecular n/p-heterojunctions. The faster charge separation observed upon OPE excitation than upon NDI excitation further demonstrated that electron rather than energy transfers from OPE to NDI (Figure 4 a and inset) . For POP-NDI, both photoinduced charge separation and charge recombination were slower and influenced by unusual and more complex triplet contributions arising from heavy-atom effects (lifetime t 4 = 2.5 ms; Supporting Information, Table S4 ).
In summary, we report synthetic access to ordered, oriented multicomponent surface architectures, and that topological matching is the key to get there. The obtained photosystems excel with efficient photocurrent generation, smooth surfaces, and perfect responsiveness to functional probes for the existence of operational intra-and interlayer recognition motifs. Homologous photosystems with mismatched POP scaffolds or "fuzzy" [16] organizations made by standard layer-by-layer assembly are less functional. These results demonstrate that highly ordered and oriented supramolecular organization is achievable only through careful design, and that it matters for function. Access to surface architectures with long-range organization will be essential for future molecular optoelectronics, including OMARG-SHJ solar cells or molecular logic devices. . Transient absorption and action spectra of OPE-POP systems. a) Transient absorption spectra recorded 0.8 (dotted) and 10 ps (solid) after excitation of OPE-NDI 2 at 400 nm (top) and 0.1 (dotted), 1, 3.5 and 10 ps (solid) after excitation of 2 at 520 nm (bottom); inset: DA at 415 nm with time after excitation at 400 (*) and 520 nm (*). b) Action spectrum of OPE-NDI zipper Au-1-(2-3) 7 (*) compared to absorption spectra of 2 in methanol with 2 % triethylamine (solid line).
